The understanding of the specific interactions between salt ions and ionic liquids (ILs) in aqueous solutions is relevant in multiple applications. The influence of a series of anions on the solubility of 1-butyl-3-methylimidazolium tricyanomethane in aqueous environment was here studied. This study aims at gathering further information to evaluate the recently proposed 1,2 mechanisms of salting-in-and salting-out-inducing ions in aqueous solutions of ILs and to provide insights at the molecular-level on the phenomena occurring in these systems. The observed effect of the inorganic species on the aqueous solubility of the ionic liquid qualitatively follows the Hofmeister series, and it is dependent on the nature and concentration of the anions. The liquid-liquid equilibrium data and 1 H NMR results here reported support a model according to which salting-in-and salting-out-inducing ions operate by essentially different mechanisms. While salting-out is an entropically driven effect resulting from the formation of hydration complexes and the increase of the surface tension of cavity formation, the salting-in phenomena is a consequence of the direct binding of the ions to the hydrophobic moieties of the IL. Further evidence here obtained suggests that the interactions of the inorganic ions are not only established with the cation of the IL, but also with the anion, with the observed solubility effect the result of a balance between those two types of interactions.
Introduction
Ionic Liquids (ILs) are commonly defined as organic salts melting at temperatures below 100°C, typically resulting from combinations of organic cations and various anions. 3 This ionic nature confers them attractive properties such as negligible vapor pressure, 4 large liquidus range, and good solvation ability 5 and offers the possibility of finely tuning their polarities, viscosities, and hydrophobicities by introducing changes in the chemical structures of their constituent ions. 6, 7 With these unique features, it is not surprising that in the last several years ILs have gained a lot of attention in chemical and industrial research and are nowadays suggested as interesting alternatives for volatile and toxic organic solvents in numerous and diverse fields. 8 Among the various appealing applications, the use of ILs as solvents in liquid-liquid extraction processes has recently generated a great deal of excitement and seems to be particularly promissory. 9, 10 In fact, the replacement of conventional organic solvents by ILs as extractors offers not only environmental advantagessenergy savings in the separation of the extracted product from the IL due to the low vapor pressure of the latest and its potential recoverability for reuse 11 sbut also the possibility of improving selective separation processes by customizing and manipulating the properties of the liquid through the modification of the anions and cations that compose them. As far as this aspect is concerned, the solvation ability of the IL and its miscibility with other solvents present in the extraction media can be dramatically altered, enabling the optimization of the efficiency of the recovery. An increasing number of publications describing the employment of ILs with low solubility in water as biphasic extraction media have actually been published in the past few years, [12] [13] [14] and encouraging results for the recovery of acetone, ethanol, and butanol from fermentation broths and for the removal of organic contaminants from aqueous waste streams have been reported. 13, 14 For the correct design, optimization, and operation of extraction processes from aqueous media, a detailed understanding of the phase behavior of water and ILs is of utmost importance. Although some recent studies [15] [16] [17] [18] [19] have provided liquid-liquid equilibrium data for IL/water systems, there is still a lack of information indispensible to improve the efficiency of the recoveries, especially as far as systems involving aqueous phases of biological media, usually containing salts, sugars, and fermentation metabolites, are concerned. In fact, in spite of the noticeable advantages of the use of ILs in the recovery of solutes or harmful substances from fermentation media and natural resources, there are still difficulties that might arise, sometimes compromising the success of the extraction or giving rise to undesirable environmental issues. Indeed, as focused in previous works, [15] [16] [17] even those ILs considered hydrophobic present a significant solubility in water, leading to water contamination problems. In a recent publication from our work group 1 it was shown that the addition of salts to the media can have a deep influence on the water-IL mutual solubilities, determining salting-in and salting-out effects in an extension related to the nature and concentration of the added salt. Consequently, as discussed in that work, one approach to overcome the difficulties mentioned above would be the promotion of salting-out effects by means of the addition of an adequate salt in a convenient concentration. It is therefore essential to further explore this subject towards the full understanding of the effect of the salt on the mutual solubilities of water and ionic liquids.
A deep knowledge of the behavior of water/IL systems in the presence of salts will not be achieved unless the underlying molecular-level mechanisms are understood in detail. Specific ion effects are ubiquitous and relevant in a wide range of chemical and biological fields and follow a recurring trend known as the Hofmeister series. 20 This behavior, first noted on the ability of salts to precipitate certain proteins from an aqueous solution, 21 is actually recognized as a general phenomenon present in a variety of aqueous processes ranging from enzymatic activity to colloidal assembly and polymer or protein folding. [22] [23] [24] [25] [26] In investigations carried out recently in our work group, 1 it was observed that the sequence of the effect of salts on water-imidazolium-based IL mutual solubilities also qualitatively follows the Hofmeister series.
Although the rank of the relative influence of ions on the physical behavior of aqueous systems is well established, the molecular description of the underlying mechanism is far from being definitely elucidated and consensual, in spite of the several attempts developed throughout the years. 20, [27] [28] [29] [30] [31] The explanation originally proposed and accepted for more than 100 years was based on the ability of a particular ion to alter the hydrogenbond networks of water. 28, [32] [33] [34] Some ions, known as "kosmotropes", were believed to be "water structure makers" and would thus give rise to salting-out effects, tending to precipitate proteins and prevent unfolding. Others, referred to as "chaotropes", would be "water structure breakers", originating salting-in effects and destabilizing folded macromolecules. For some authors, there is little doubt that the main cause of the effect is how bulk water structure is affected by the ion. In a series of thermodynamic studies on the behavior of 1-propanol in mixed solvents of aqueous sodium-salt solutions, Koga et al. [35] [36] [37] related the effect of each salt to its own unique way of modifying the molecular organization of water, although recognizing that this single explanation can not account on its own for the complexity of the phenomenon. The structure maker/breaker classical dogma has lately been severely questioned in face of new experimental evidence obtained in the past few years [27] [28] [29] that indicate that the ions have little effect on the overall hydrogen-bonding of water in bulk solution. Instead, newer theories emphasizing the significant role of dispersion forces and involving the relative polarizabilities of the ions and the specific ion binding have been proposed. 38, 39 One of the most consistent theories was suggested by Zhang et al. 31, 40, 41 when probing for a general ion/water/polymer interaction mechanism to explain the effects of a series of sodium salts on the lower critical solution temperature (LCST) of poly(N-isopropylacrylamide), PNIPAM. The authors claim that the Hofmeister effects of salts on macromolecules solubilities must depend on direct interactions of the ions with the macromolecules and with water molecules in the first hydration shell of the macromolecules.
Long-held classical ideas about changes in bulk water structure are progressively being overturned as new data flurries. Nevertheless, despite the fragmentary opinions among the scientific community and the lack of an universal molecular picture, it seems to be undoubtfully consensual that further research on this matter is mandatory since, after all, the Hofmeister series has become a fundamental framework with which many types of biological systems involving saline solutions are studied.
The imidazolium ion is commonly considered for extraction purposes since, when combined with adequate anions, the immiscibility of the resulting IL with water represents an extra advantageous property when dealing with the recovery of products from aqueous environments. 17 In a previous study, 20 the first are more polarizable and strongly hydrated, consequently promoting more pronounced salting-in/salting-out effects.
To get further insight of the molecular mechanisms that operate in these systems, spectroscopic NMR studies were also carried out. In combination with the phase equilibria experimental data obtained, the NMR results were used to discuss the different approaches to the molecular-level explanation of the Hofmeister series and interpret them in terms of the specific interactions of the salt with water and with the IL.
Experimental Section
Materials. The IL [C 4 mim][C(CN) 3 ] employed in the experiments reported was supplied by Merck with mass fraction purity >99% and was used as received without further purification.
Its purity was checked by 1 H and 13 C NMR spectra interpretation. The chemical structure of the ionic liquid and the correspondent atom numbering is depicted in Figure 1 . The water used for the preparation of the saline solutions was doubledistilled, passed by a reverse osmosis system, and further treated with a Milli-Q plus 185 water purification apparatus. It has a resistivity of 18.2 MΩ cm, a TOC smaller than 5 µg dm -3 , and it is free of particles greater than 0.22 µm. The inorganic salts, sodium chloride (NaCl, Panreac, > 99.5 w/w %), sodium thiocyanate (NaSCN, Fluka, g 98.0 w/w %), sodium nitrate (NaNO 3 , Himedia, > 99.5 w/w %), sodium sulfate (Na 2 SO 4 , Panreac, > 99.0 w/w %), and sodium carbonate (Na 2 CO 3 , Carlo Erba, > 99.7 w/w %) were used as purchased without further purification. The deuterium oxide applied in . The onset of the liquid-liquid immiscibility (cloud point temperature) was determined by visual observation of the phase demixing (turbidity followed by phase separation). Approximately 0.5 mL of aqueous saline solutions and pure IL were introduced in sealed Pyrex-glass capillaries with a stirrer. The sealed capillaries were placed in a thermostatted bath where the samples were kept under continuous stirring during the whole experiment. Solutions presenting two phases at ambient temperature were heated into the homogeneous region and then slowly cooled until visual detection of phase demixing. The temperature at which the last sign of turbidity disappeared upon cooling was taken as the temperature of the liquid-liquid phase transition. For monophasic solutions at room temperature, the heating process was suppressed. The temperature was controlled with a calibrated Pt100 temperature sensor with an uncertainty of ( 0.01 K. Three measurements were carried for each solution. In the case of the water and IL-rich phase extremes of the binary system (water + IL), the data used was determined by analytical quantitative techniques in a previous work, 16 and both methods are in satisfactory agreement. . The solubilities in the aqueous-rich and IL-rich phases seem to be affected in a similar way. At a lower NaNO 3 molality, m ) 0.1 mol kg -1 , the salting-in effect becomes less significant, and there is practically no shift relative to the cloud-point temperature of the (water + IL) binary system along the entire phase transition curve. The same type of concentration effect is observed for NaCl, but inversely to NaNO 3 , this salt promotes a relatively pronounced decrease of the mutual solubilities of IL and water when its concentration in the (H 2 O + inorganic salt) solution is 1 mol kg -1
Results

Liquid-Liquid Equilibrium (LLE)
. In contrast, Na 2 SO 4 induces a strong salting-out effect at all the molalities considered. It is actually the salt that has the strongest effect on decreasing the mutual solubilities. Moreover, the shape of the cloud-point temperature for the ternary systems involving this anion is quite different from the others. In fact, it is quite obvious that the solubilities on the IL-rich phase are more affected by the presence of Na 2 SO 4 than on the water-rich phase. This is already clear for m ) 0.5 mol kg -1 and becomes even more evident as the molality of the salt increases. It is worth to note that this type of solubility behavior has recently been reported for aqueous solutions of the IL 1-buthyl-3-methylimidazolium tetrafluoroborate, [C 4 mim][BF 4 ]. 42 To better evaluate the trend of the salting-in/ salting-out effects, the results obtained for the liquid-liquid phase diagrams of the (IL + water + inorganic salt) solutions at fixed 1 mol kg -1 salt concentrations are represented in Figure  2b . The graph shows that the effect of the anions on the IL solubility in water decrease is ordered as follows: NO 3
In a second set of experiments, the effect of anion type and concentration on the critical point change of the binary system (IL + H 2 O) was further evaluated. For this purpose, five sodium speciessNa 2 SO 4 , Na 2 CO 3 , NaNO 3 , NaSCN, and NaClswere added to aqueous solutions of IL with a near-critical composition (wc IL ) 0.38 for Tc ) 326 K). Figure 3 shows the results obtained for the cloud-point temperatures of ([C 4 mim][C(CN) 3 ] + H 2 O + inorganic salt) mixtures as a function of the molality of the salt. By performing this more detailed study on the anion type and concentration effects than the one developed in the first set of experiments through the use of a larger series of sodium salts at several different concentrations, we intend to cover a wider range of solubility effects and get a more complete picture of the behavior of the (IL + water) system in the presence of diverse sodium-based anions. For the SO 4 2-and CO 3 2-anions, significant positive shifts in the transition temperature are observed, corresponding to salting-out effects. From the results obtained it is rather difficult to infer which salt promotes the strongest effect. The NaCl also induces a decrease of the IL solubility in water, although less pronounced. The solubility of [C 4 mim][C(CN) 3 ] in the aqueous phase containing these species shows a linear dependence on salt concentration, and the temperature shifts are actually nearly proportional to the salt molality increase. An IL salting-in effect is promoted by NaSCN, in a similar linear pattern. NaNO 3 behaves quite differently, inducing a nonlinear concentration effect on the IL solubility. Indeed, at low salt concentration, negative shifts are observed in the transition temperature, whereas at higher molality regions salting-out effects appear. It is worth to note, however, that these are only slightly pronounced in the entire range of concentration. An identical solubility effect was observed in aqueous sodium chloride solutions for [C 4 mim][Tf 2 N]. 1, 2 To guarantee that the observed effects are a result of the salt concentration and not of a change on the pH of the aqueous media due to the salts acid/basic character the effect of the pH on the [C 4 mim][C(CN 3 )] solubility in water was evaluated. For that purpose a third set of experiments was performed by measuring the phase diagrams of (HCl/NaOH + water + IL) mixtures, with pH values ranging from 1 to 13. As can be seen from the results depicted in Figure 4 , the pH influence on the solubility of [C 4 mim][C(CN 3 )] in water is negligible when compared to the effect of the added salts. Consequently, the observed results for the solubility behavior are not promoted by changes in the pH of the solutions, thus the pH influence will be neglected in the discussion developed throughout this work.
Spectroscopic Studies. 
Discussion
From the results presented in Figures 2 and 3 , we can observe that the anions considered in this work promoted both salting- . All solid lines were drawn as visual aids, except for the binary system (IL + water), for which they were calculated using a scaled equation (wc IL ) 0.38, Tc ) 326 K). 42 in and salting-out effects, in a magnitude dependent on their nature and concentration. The strongest salting-out-inducing ions are SO 4 2-and CO 3 2-and, in general terms, the strength of this effect decreases in the order SO 4 2-= CO 3
, qualitatively following the Hofmeister series. 20 The trend observed for the solubility of [C 4 mim][C(CN) 3 ] in aqueous salt solutions is actually analogous to that observed for other ILs 1, 42 and other charged molecules such as amino acids and proteins, although it is important to note that some of the inorganic anions here considered promote different effects when compared to aqueous solutions of other [C 4 mim]-based ILs. This subject will be addressed in detail latter in this discussion.
Recent works concerning the effect of salts on the aqueous solubility of complex molecules 37, [43] [44] [45] [46] are suggesting that watermediated interactions between hydrophobic solutes and salt ions are closely related to the extent of hydration of individual ions.
The association of high charge density ions with an hydrophobic solute is a highly unfavorable process, so they exclude themselves from the vicinity of the solute due to their preferential hydration (water-ion interactions stronger than water-water interactions), decreasing the solubility of the latest in water. In contrast, there is a strong association tendency of large and weakly hydrated ions (water-ion interactions weaker than water-water interactions) with hydrophobic solutes; consequently, they preferentially bind directly to the solute, promoting its stabilization in water and therefore a salting-in effect. A question that comes up in this context is if those solubility effects can or can not be directly correlated to the hydration strength of the different ions of the inorganic salts. 42 To scrutinize this issue in a more quantitative perspective, we used one of the several thermodynamic parameters that have been applied to quantify the ion effects on the solute solubility in aqueous systems, the molar Gibbs energy of hydration, ∆ hyd G. The values taken 47 for ∆ hyd G of the anions composing the inorganic salts employed in this study are presented in Table 1 . If the salting-out effect was caused solely by the different extent of hydration of the different anions, there would be a more pronounced difference between the salting-out-inducing effect of SO 4 2-and CO 3 2-, since ∆ hyd G (CO 3 2- ) is about half the value of ∆ hyd G (SO 4 2-). Likewise, since ∆ hyd G (NO 3 -) and ∆ hyd G (SCN -) have relatively close values, there is no apparent justification for such a distinct inducing behavior of these two anions on the solubility of the IL. Although this is obviously only a rough argument, it is clear that the extent of hydration of the ions is not sufficient to give an adequate description of the mechanisms operating in these systems and that salting-in and salting-out effects are rather complex phenomena, resulting from the interplay of different types of interactions between the ions, the IL, and the solvent. An extra argument in support of this last statement comes from the results displayed in Figure  2 . Indeed, the different shapes of the immiscibility envelopes for each system, particularly for SO 4 2-at high concentrations, indicate that there must be other processes causing the demixing of the solution. It has been claimed 42 that precipitation of the inorganic salt itself might be a reasonable explanation, but other factors are involved for sure. This salt precipitation could be a result of the Na 2 SO 4 salting-out promotion by the IL itself (obviously one more salt competing in aqueous solution). There is thus the need to seek more complex and quantitative interpretations and to make use of theories that might help to quantify the salt effects on interactions with ILs.
One of the most interesting theories to understand the effect of salts on the aqueous solubility of molecules was proposed by Zhang et al. 25 to describe the specific ion effects on the solubility of PNIPAM in water, and the theory was extended with success to the interpretation of [C 4 mim][TF 2 N] solubility in aqueous salt solutions in a recent work by us. 1 According to these works, the mechanism of action of salting-in-and saltingout-inducing ions on the solubility of ILs in aqueous salt solutions are fundamentally different and related to two major specific ion effects: (i) a direct binding between the ions of low charge density and the hydrophobic moiety of the IL, promoting salting-in; (ii) an entropic effect originating salting-out, related to the formation of hydration complexes away from the solute hydrophobic moieties and to an increase on the surface tension of water and thus on the energy of cavity formation, due to the presence of high charge density ions. As shown below, this interpretation provides a good explanation for the experimental results reported on this work.
Following the approach of Zhang et al. 25 the perturbation on the solubility of a solute caused by the addition of salts, at constant temperature, can be described by an equation consisting where T 0 is the cloud-point temperature of the (IL + water) system in the absence of salt; c is the concentration of salt in molality; and K A , B max , and k are adjustable parameters describing the phenomena that affect the solute solubility. The constant k is, in fact, a measure of the ion effects observed and is suggested to be related to other thermodynamic parameters, such as surface tension, γ, and molar entropy of hydration of the ions, ∆ hyd S.
To understand the behavior of the ([C 4 mim] [C(CN) 3 ] + water + inorganic salt) system under study, eq 1 was applied to the data measured in this work. It is worth to note that the last term was only used for salting-in-inducing ions as Zhang et al. suggested. 25 The results for the fitted parameters are displayed in Table 1 , as well as the values for ∆ hyd S 47 and γ 48 taken from literature.
The plot of the constant k as a function of ∆ hyd S of the anions (Figure 8) shows a rather good correlation between these two quantities for high charge density ions. The proportionality observed indicates that the mechanism of phase transition by which salting-out-inducing ions operate in ([C 4 mim] [C(CN) 3 ] + water) mixtures is entropically driven as suggested before not only for polymer systems 25, 31, 41, 45 but also for aqueous solutions of ILs. 1, 15, 16 No such trend is observed for low charge salting-in-inducing ions. This suggests that highly charged density ions are capable of weakening water-IL interactions, causing the dehydration of the solute by forming water-ion hydration complexes.
The dependence of k on the surface tension increment induced by each anion is represented in Figure 9 . Again, there is a direct correlation between the salting-out effect observed and the surface tension increment for high charge density ions, and no detectable correlation for low charge density ions is found. This indicates that the former raise the surface tension of the water-IL interface, increasing the cost of the hydration of the solute.
The dependence of the magnitude of the salting-out effect observed, as measured by k, on the molar entropy of hydration and on the surface tension increment of the ions strongly suggests that step (ii) is the molecular-level basis for the saltingout mechanism. However, it is not possible to separate the two salting-out-inducing effectssformation of hydration complexes ion-water and energy of cavity formationssince both are 
coupled in eq 1. Therefore, it is still difficult to infer the specificity of the contribution of the modification of the interfacial tension of the cavity formed for the mechanism of salting-out, as stated previously.
1
The Zhang et al. 25 approach applied above to the data measured in this work shows that salting-out-and salting-ininducing ions act through separate mechanisms, although it does not provide much evidence for the mechanism by which the last ions operate. To get further insight onto the molecular nature of the ions effects on the solubility of the IL in water, particularly as far as the salting-in-inducing phenomenon is concerned (step (i) of the mechanism), we appealed in this work to 1 H NMR spectroscopic evidence, as discussed below. Complementary and valuable evidence for the microscopic interactions determining salting-in and salting-out effects, in particular for the direct ion binding to the IL cation, can actually be provided by alternative experimental methods, such as NMR. 2 Contrarily to what had been suggested before by Zhang et al. 25 for polymers, our recent results 2 show that the salting-in effect lies not on the binding of the ions to the polar or charged parts of the IL but on their direct interaction to its hydrophobic moiety. When such interaction is not observed, the phenomenon of salting-out takes place, since the binding with the water molecules is preferential. In fact, as shown in Figures 6 and 7 , for both SO 4 2-and SCN -sodium-based salts, positive chemical shifts deviations, resulting from attractive interactions between the salt ions and the solute, are observed for the protons of the ring and of carbons 6 and 10 [H(4), H(5), H(6), and H(10)].
Although it had been previously demonstrated 49 that the hydrogens of the aromatic ring are the major sites for the interactions of the anions, our previous results 2 and the data obtained in the current work point toward a more complex situation. Indeed, in the presence of a salting-in-inducing ion, additional ion binding occurs between the hydrophobic alkyl chain moiety of the IL cation and the anion, as shown by the positive deviations observed for protons H(7), H (8) , and H(9) depicted in Figure 7 , which are the consequence of attractive interactions between SCN -and the protons of the larger side alkyl chain of the IL. These favorable interactions are absent in the case of the salting-out-inducing ion SO 4 2- , as can be seen in Figure 6 . In the case of NaCl, H (8) and H(9) dictate the interactions established. For a nearly critical composition of the IL (Figure 5b ), these are practically nonexistent and become less favorable as the molality of the inorganic species increases. This is in good agreement with the LLE results presented in Figures 2b and 3 1,2 This topic will be analyzed in more detail in the discussion below. For a lower mole fraction of the IL (Figure 5a ), the slightly positive deviations detected for H (8) and H(9) at low Cl -concentrations support the salting-in phenomena observed in Figure 2a at nearly w IL ) 0.1. At higher IL concentrations, and near the IL critical composition, the salting-out-inducing behavior is more evident (Figure 2) . Results from Figure 5b are in total agreement with LLE experimental results where the nonfavorable interactions are dominant for all the IL cation structure. Therefore, these results show the trend observed before 1 for the [C 4 mim][Tf 2 N] solubility in water in the presence of NaCl: IL salting-in at low salt concentrations followed by the IL salting-out at significant salt concentrations.
From the arguments presented so far, it can be perceived that the results obtained for the solubility behavior of aqueous saline solutions of [C 4 mim][C(CN) 3 ] support the mechanisms proposed for the action of salting-in-and salting-out-inducing ions in aqueous solutions of ILs. 1, 2 In particular, the NMR spectroscopic data constitutes further evidence for the direct binding of saltingin-inducing ions to the hydrophobic moiety of the IL cation, the mechanism by which the former are thought to operate in aqueous saline mixtures of ILs. Nevertheless, the comparison of the data gathered in the current work with those obtained before 1, 2, 42 makes it possible to go deeper in the interpretation of the solubility effects, allowing a more detailed description of the phenomena occurring in these systems. In fact, when comparing the data available for three [C 4 1,2 Since the systems under comparison only differ in the IL anion, it is reasonable to infer that the interactions of the anion of the IL with the anion of the salt are quite important and will have a determinant role on the mechanism by which the inorganic species influence the aqueous solubility of the ionic liquid. The interactions of the salt anion will thus be established both with the cation and with the anion of the IL, and the consequent solubility effect will result from the balance of those two interactions. Since these have both a dispersive and an electrostatic character, the type of dominant interaction will depend on the nature (charge and size) both of the anion of the IL and of the anion of the salt. Therefore, when the anion of the IL becomes smaller and its charge more localized, as it happens sequentially from [C 4 4 ], it is reasonable to conjecture that NO 3 -will have a similar or even less pronounced solubility effect.
To conclude, the data available seem to indicate that Cl -(and other anions with the same charge/size relation) will have a practically negligible solubility effect in aqueous solutions of [C 4 mim]-based ILs comprising large anions with disperse charges, representing therefore in those cases the zero of the rank of the Hofmeister series, and that NO 3 -(and other anions with similar structures) an equally almost unimportant solubilityinducing behavior on aqueous mixtures of [C 4 mim]-based ILs containing small and high charged anions in their constitution. Unfortunately, getting information on interactions with nonhydrogenated fluorinated anions or with C(CN) 3 -is not an easy task, but the use of hydrogenated anions will be the object of a future work to further elucidate those type of interactions.
Both thermodynamic and spectroscopic data gathered in this study constitute further evidence for the mechanisms of action proposed for salting-in-and salting-out-inducing ions in water + ILs mixtures.
1,2 Liquid-liquid equilibrium results provide experimental evidence for the model suggested by Zhang et al. 25 supporting the salting-out phenomenon, whereas 1 H NMR data enable a clearer picture of the salting-in phenomena, corroborating the conclusion 2 that the solubility of ILs in water is essentially controlled by the specific interactions of the salt ions with the IL hydrophobic moiety. The comparison between different ([C 4 mim]-based ILs + water) systems enables a more detailed description of the mechanisms and suggests that the interactions of the inorganic species are not only established at the level of the IL cation, but also at its anion.
Conclusion
Further experimental evidence for the molecular-level mechanisms that dictate the behavior of aqueous saline solutions of ILs are provided in this work. The influence of inorganic anions on the liquid-liquid behavior of [C 4 mim][C(CN) 3 ] + water qualitatively follows the Hofmeister series, as verified for other charged molecules such as proteins. The salting-out and saltingin effects observed are dependent on the nature and concentration of the ions and can be understood in terms of direct or indirect (water-mediated) interactions between the anions and the solute, and not on the basis of changes in bulk water structure promoted by the inorganic species. The microscopic nature of the salting-out and salting-in phenomena is essentially different, with the former being the result of the tendency of high charge density ions to form water-ion hydration complexes that cause the dehydration of the solute and the increase of the surface tension of the cavity (an entropically driven effect), and the latter is a consequence of the direct binding of the anion to the hydrophobic moiety of the solute. This does not occur for salting-out-inducing ions since their binding with water molecules is preferential.
Together with data available for other [C 4 mim]-based ILs aqueous systems, the results gathered in this work provided a deeper molecular-level understanding of the solubility behavior of aqueous IL saline solutions, suggesting that the interactions of the anion of the salt are not only established with the IL cation but also with its anion, with the observed solubility effect the consequence of a balance between those.
From a practical point of view, the results presented in the current study are also relevant for development and further research in the domains of separation technology. Inorganic species such as carbonates, sulfates and, to a lesser extent, chlorides, may be used to promote salting-out effects in aqueous solutions containing ILs, offering the possibility of improving the efficiency of liquid-liquid extraction processes of biological molecules and the development of new aqueous biphasic systems.
Once extrapolated to other charged or uncharged molecules rather than ILs, the conclusions taken from this work can be helpful in the interpretation of the solubility phenomena occurring in a wide range of aqueous systems.
